Canonical olfactory signal transduction involves the activation of cyclic AMP-activated cation channels that depolarize the cilia of receptor neurons and raise intracellular calcium. Calcium then activates Cl − currents that may be up to tenfold larger than cation currents and are believed to powerfully amplify the response. We identified Anoctamin2 (Ano2, also known as TMEM16B) as the ciliary Ca 2+ -activated Cl − channel of olfactory receptor neurons. Ano2 is expressed in the main olfactory epithelium (MOE) and in the vomeronasal organ (VNO), which also expresses the related Ano1 channel. Disruption of Ano2 in mice virtually abolished Ca 2+ -activated Cl − currents in the MOE and VNO. Ano2 disruption reduced fluid-phase electro-olfactogram responses by only ~40%, did not change air-phase electro-olfactograms and did not reduce performance in olfactory behavioral tasks. In contrast with the current view, cyclic nucleotide-gated cation channels do not need a boost by Cl − channels to achieve near-physiological levels of olfaction.
a r t I C l e S Olfaction in mammals involves the binding of odorants to a subset of the large number of different G protein-coupled receptors that are present in the cilia of olfactory sensory neurons (OSNs) 1 . These neurons are predominantly found in the MOE, which senses and discriminates myriad volatile compounds. In the mouse, the nose contains additional, apparently more specialized olfactory organs, such the septal organ of Masera and the VNO 2 . Sensory neurons in the VNO are morphologically distinct and use odorant receptors and signal transduction cascades that differ from those found in the MOE.
In the canonical OSN signal transduction pathway, odorant binding to the receptor locally increases cytosolic cAMP through activation of the olfactory G protein G olf and adenylate cyclase type III 1, 2 . cAMP then opens heteromeric cyclic nucleotide-gated (CNG) cation channels 3 . The resulting influx of Na + and Ca 2+ depolarizes the plasma membrane and raises the cytosolic Ca 2+ concentration ([Ca 2+ ] i ), thereby activating Ca 2+ -activated Cl − channels 1, [4] [5] [6] [7] [8] [9] [10] . All these components of the signal transduction cascade are localized to sensory cilia, which are embedded in the mucus covering the MOE. These cilia provide a large interaction surface for odorants, and the cilia's small diameters facilitate large local increases in cytosolic cAMP and [Ca 2+ ].
There has been broad consensus that Ca 2+ -activated Cl − channels powerfully amplify olfactory signal transduction 1, [4] [5] [6] [7] [8] [9] [10] . These channels are thought to mediate an outward flow of Cl − , which generates a depolarizing current that, in rodents, is five-to tenfold larger than currents through CNG channels 8, 11, 12 . A prerequisite for Cl − efflux is an inside-out electrochemical Cl − -gradient. It is believed that the cytosolic chloride concentration of OSNs is raised by the Na + K + 2Cl − co-transporter Nkcc1 (refs. 9,10,13) and that [Cl − ] is low in the mucus surrounding the cilia 14, 15 . However, mucosal ion concentrations are difficult to measure in vivo, and Nkcc1 knockout mice display attenuated electro-olfactograms (EOGs) 11, 16 , but normal olfactory sensitivity 17 .
To investigate the role of Ca 2+ -activated Cl − channels in olfaction, we disrupted Ano2 in mice. Ano2 is a member of the Anoctamin (Tmem16) gene family, which encodes several Ca 2+ -activated Cl − channels [18] [19] [20] .
In agreement with recent results 13, [21] [22] [23] , our knockout-controlled immunolabeling showed Ano2 expression in cilia of OSNs in the MOE, in microvilli of VNO sensory neurons and in synapses of photoreceptors. Additionally, we found Ano2 in the olfactory bulb. Ano1 expression overlapped with Ano2 in the VNO and the retina, but not in the MOE. Patch-clamp analysis showed that Ca 2+ -activated Cl − currents were undetectable in Ano2 −/− OSNs. Unexpectedly, however, EOGs of Ano2 −/− mice were reduced by only up to ~40%, and Ano2 −/− mice were able to smell normally. Our work calls for a revision of the current view that Ca 2+ -activated Cl − channels have a crucial role in mammalian olfaction.
RESULTS

Disruption of Ano2 and Ano2 expression pattern
We generated Ano2 −/− mice by flanking exon 12 with loxP sites and crossing these mice with Cre-recombinase-expressing deleter mice 24 ( Supplementary Fig. 1a,b) . The ~160-kDa band that represents the Ano2 protein in Ano2 +/+ (wild type) olfactory epithelium was absent from Ano2 −/− tissue (Fig. 1a) . Our N-terminal antibody did not detect a truncated protein in Ano2 −/− tissue, suggesting the occurrence of nonsense-mediated mRNA decay, instability of the truncated protein, or both. The Ano2 −/− mice were born at a Mendelian ratio; they grew, mated and survived normally and lacked an immediately apparent phenotype.
Consistent with previous data [21] [22] [23] , western blots indicated that Ano2 is most highly expressed in olfactory epithelium (MOE and VNO) and eye tissue (Fig. 1a,b) . Ano2 was expressed at much lower levels in the brain, with the highest expression in the olfactory bulb and signals near the detection limit in the midbrain and brainstem (Fig. 1b) . We did not detect expression in the cortex, cerebellum or trigeminal nerve. The differences in apparent sizes of Ano2 among various tissues are due largely to a higher degree of glycosylation in olfactory tissues (Supplementary Fig. 2 ). Immunolabeling showed that Ano2 is expressed on the apical surface of both the MOE and the VNO (Fig. 2a) . In the MOE, it colocalized with the cilia marker 7 6 4 VOLUME 14 | NUMBER 6 | JUNE 2011 nature neurOSCIenCe a r t I C l e S protein acetylated tubulin (Fig. 2b) and the Cnga2 subunit of the olfactory CNG channel 3, 25, 26 (Fig. 2c) . Ano2 staining was specific, as we observed no signal in Ano2 −/− tissue (Fig. 2c) .
We also detected Ano2 in vomeronasal sensory neurons (VSNs), where it colocalized with the closely related Ano1 Cl − channel in sensory protrusions (Fig. 3a) . In the MOE, however, we did not detect Ano1 in olfactory sensory neurons (Fig. 3b,c) , but it was present in the Bowman's glands (not shown). Similarly, Ano1 was present in the apical membranes of the nasal glands (Fig. 3b,d ) and in the nonciliated cells of the respiratory epithelium ( Fig. 3b-d) , consistent with a role in salt secretion, as in other epithelia 18, 27, 28 .
Ano2 protein was present on the OSN axons that converge on the glomeruli in the olfactory bulb (Fig. 4a,b) . In the eye, our knockoutcontrolled staining confirmed the presence of Ano2 in the outer plexiform layer of the retina 22 (Supplementary Fig. 3a ). Ano2 colocalized with the PSD-95 adaptor protein (Supplementary Fig. 3b ) and the Ca 2+ -ATPase PMCA (Supplementary Fig. 3c ) in the presynaptic structures of photoreceptors, where these proteins form a complex together with MPP4 (ref. 22) . Although Ano2 expression is lost from the photoreceptors of Mpp4 −/− mice 22 , loss of Ano2 affected neither expression of PSD-95 nor PMCA (Supplementary Fig. 3b,c) . Ano1 antibodies labeled the same presynaptic structures that we had also identified as Ano2 positive (Supplementary Fig. 3a) .
No change of key proteins and axonal convergence Neither immunohistochemistry (Fig. 3a) nor immunoblotting ( Supplementary Fig. 4a ) indicated an upregulation of Ano1 in the VNO or MOE of Ano2 −/− mice. Consistent with the normal morphology of both olfactory organs in Ano2 −/− mice (Figs. 2c and  3a) , expression levels of the olfactory marker protein OMP 29 were unchanged (Supplementary Fig. 4b ). Ano2 disruption caused no change in expression of the downstream target of G olf , adenylate cyclase III (Supplementary Fig. 4c,f) , or the cAMP-activated cation channel subunit Cnga2 ( Fig. 2c and Supplementary Fig. 4d) . Expression of Nkcc1, Ano6, Ano8 and Ano10 in the MOE was also unaltered (Supplementary Fig. 4f) .
Immunohistochemistry ( Fig. 4a ) and immunoblotting (Supple mentary Fig. 4e ) showed no change in the amount of tyrosine hydroxylase in the olfactory bulb, either. The expression of this enzyme depends on neuronal activity and is severely reduced in the olfactory bulb of anosmic Cnga2 −/y mice 30 . OSN axon coalescence on glomeruli is perturbed in mice lacking functional CNG channels 31 or the adenylate cyclase 32 . We detected no obvious change in axonal convergence for OSNs expressing either the P2 or M72 receptor 31 ( Fig. 4c-e) . These observations suggest that olfaction is not grossly impaired in Ano2 −/− mice and that intrinsic OSN activity is not changed to a degree that changes the olfactory map.
Ca 2+ -activated Cl − currents are absent from Ano2 −/− OSNs Whole-cell patch-clamp analysis of OSNs from the MOE in situ under conditions that largely suppress cation currents (Fig. 5) revealed Ca 2+ -activated Cl − currents (Fig. 5d,f,g,i) that were not observed in the absence of intracellular Ca 2+ (Fig. 5a-c) . These currents showed typical time dependence and outward rectification at 1.5 µM free Ca 2+ ( Fig. 5d,f) , but not at 13 µM free Ca 2+ (Fig. 5g,i Olfactory bulbs of homozygous P2-IRES-tauLacZ or M72-IRES-tauLacZ mice 31 with disrupted or wild-type Ano2 genes were stained for LacZ. Bulbi were sectioned (c), or the ventral (d) or dorsal (e) side of intact bulbi was observed. No difference in coalescence was seen (number of mouse pairs: P2, n = 9 (4-15 weeks old), M72, n = 2 (5 weeks old) and n = 1 (24 weeks old)). Scale bars, 0.5 mm (c), 1 mm (d,e). a r t I C l e S reversed close to the Cl − equilibrium potential (Fig. 6a,c) . Currents in Ano2 −/− OSNs were reduced to less than 10% of wild-type currents and reversed close to the K + equilibrium potential. Flash release of 8-Br-cAMP elicited large currents in Ano2 +/+ but not Ano2 −/− OSNs (Fig. 6b) . Currents remaining in Ano2 −/− neurons probably represent cation currents through CNG channels 12 . We conclude that Ca 2+ -activated Cl − currents of OSNs are mediated by Ano2.
In the VNO, both Ano2 +/+ and Ano2 −/− VSNs had low background currents in the absence of intracellular Ca 2+ (Fig. 5j-l) . In Ano2 +/+ VSNs, 1.5 µM [Ca 2+ ] i elicited Cl − currents with an outwardly rectifying, time-dependent component (Fig. 5l,m) . Currents of most Ano2 −/− VSNs were indistinguishable from those we observed without Ca 2+ (Fig. 5n) , but a few cells showed currents up to twofold larger. Averaged current/voltage curves revealed that Ca 2+ -activated Cl − currents of VSNs depend predominantly on Ano2 (Fig. 5l) . Although Ano1 is expressed in the VNO (Fig. 3a) , its contribution to VSN currents seems minor.
Disruption of Ano2 moderately reduces EOGs
We investigated the role of Ano2 in the MOE response to odorants using EOGs ex vivo (Fig. 7) . In fluid-phase EOGs, we continuously superfused the surface of turbinates with Ringer solution and applied an odorant cocktail (Fig. 7a,b) . The superfusate could be switched to a solution containing niflumic acid (NFA). NFA has been widely used to block Ca 2+ -activated Cl − channels in OSNs and other cells 4, 6, 9, 11, 16, 34, 36, 37 and inhibits both Ano1 and Ano2 (refs. 18,20,21,33,34) . The response to odorants was reduced by roughly 40% in Ano2 −/− EOGs as compared to the wild type (Fig. 7e) . We observed similar reductions in EOG amplitudes caused by Ano2 disruption when adenylate cyclase was directly activated by forskolin (Fig. 7c-e) , or with single odorants (Fig. 7f) . As expected, NFA-insensitive voltage 
Ano2
-/-a r t I C l e S excursions were similar in both genotypes (Fig. 7e) . Notably, NFA also inhibited odorant-induced responses in Ano2 −/− epithelia (Fig. 7b,e) . Comparison between Ano2 +/+ and Ano2 −/− mice revealed that only ~60% of the response to NFA was due to an inhibition of Ano2. Hence, previous studies 9,11,37 may have overestimated the role of Ca 2+ -activated Cl − channels in olfaction.
In air-phase EOGs, we exposed the surfaces of turbinates to watersaturated air, and we applied an odorant or vehicle using an air puff. In this configuration, mucosal ion concentrations are expected to more closely match physiological levels. In contrast with our results for fluid-phase EOGs (Fig. 7a-f) , we detected no significant differences between the genotypes in air phase (Fig. 7g) .
With appropriate driving forces, apical Cl − channels may change mucosal ion composition, similar to the proposed role of Ano1 in secretory epithelia 18, 27, 28 . However, Cl − -sensitive microelectrode measurements showed no difference in mucosal [Cl − ] between the genotypes (Ano2 +/+ : 84.0 ± 11.8 mM (s.e.m., n = 6); Ano2 −/− : 84.4 ± 9 mM (s.e.m., n = 11)). These values agree with data from amphibia 15 .
No olfactory deficits detected in Ano2 −/− mice Using an automated olfactometer 17, 30, 38, 39 , we tested the mice using an associative olfactory learning task. The mice were trained to sample two different stimuli, one of which was associated with a water reward, and to lick in response to only the rewarded odor.
Disruption of Ano2 did not affect the mice's performance in discrimination tests in which they learned to distinguish geraniol from the mineral oil solvent (Fig. 8a) . By contrast to Ano2 −/− mice, Cnga2 −/y mice 31 showed a clear-cut impairment in the Figure 8 Ano2 disruption affected neither odor discrimination nor olfactory sensitivity.
(a-d) Different discrimination tasks. As true for wild-type littermates, Ano2 −/− mice learned to discriminate between 1% geraniol and the diluent mineral oil (n = 6 for each genotype) (a), between 1% hexanal and 1% octanal (n = 3 for each genotype) (b), between 1% (−)-limonene and an enantiomeric mixture of 0.5% (−)-limonene and 0.5% (+)-limonene (n = 4 for each genotype) (c) and between 0.4% hexanal/0.6% octanal and 0.6% hexanal/0.4% octanal (n = 5 for each genotype) (d). Anosmic Cnga2 −/y mice (n = 3) could not detect 1% geraniol (a). (e) Odor detection threshold for geraniol. Both Ano2 −/− (n = 6) and Ano2 +/+ littermates (n = 6) detected geraniol and discriminated it from the diluent only down to a dilution of 10 −6 . The first data point with a geraniol dilution of 10 −2 corresponds to a. Error bars, s.e.m. There was no significant difference between Ano2 +/+ and Ano2 −/− mice in any of these tests. G e r a n io
a r t I C l e S same test (Fig. 8a) , as reported 25, 30 . Discrimination ability was neither reduced in more complex discrimination tasks such as distinguishing hexanal from octanal (Fig. 8b) , or differentiating between (−)-limonene and an enantiomeric mixture of equal parts of (+)-and (−)-limonene (Fig. 8c) . Discrimination between 0.4% hexanal (vol/vol) /0.6% octanal (vol/vol) and 0.6% hexanal (vol/vol) / 0.4% octanal (vol/vol) was even more difficult, as evident from the larger number of trials needed to distinguish both mixtures (Fig. 8d) . Even in this task, Ano2 −/− mice performed similarly to wild type. Using successive dilutions of geraniol, we tested whether the loss of Ano2 affected odor sensitivity. With either genotype, odor detection dropped sharply when the dilution reached 10 −7 (Fig. 8e) .
We conclude that Ca 2+ -activated Cl − channels are not essential for olfaction. Unexpectedly, Ano2 −/− mice had no detectable impairment of olfaction. This is not due to a compensatory upregulation of other Ca 2+ -activated Cl − channels or of the cyclic nucleotide-gated channel. The normal growth and survival of newborn Ano2 −/− mice indicated that they could smell the teats of their mothers. Near-normal olfaction was suggested indirectly by unaltered tyrosine hydroxylase expression in the olfactory bulb and by apparently normal axonal coalescence on glomeruli in the olfactory bulb, and it was confirmed by quantitative olfactometry. In contrast to Ano2 −/− mice, Cnga2 −/y mice have severely impaired olfaction (refs. 25,30 and present work). We conclude that CNG-mediated cation currents do not need an additional boost from anion currents for near-physiological levels of olfactory sensitivity.
DISCUSSION
Although fluid-phase EOGs revealed a significant difference between the genotypes, the ~40% reduction of Ano2 −/− EOG amplitudes is much less than expected from the published 80-90% contribution of Cl − to OSN receptor currents 8, 11, 12 . The contribution of Ca 2+ -activated Cl − channels was often estimated from the inhibition by NFA 11, 37 , but this compound also modulates several other ion channels (for example, refs. 42, 43) . The attenuation of Ano2 −/− EOGs by NFA now demonstrates that NFA also affects MOE targets other than Ca 2+ -activated Cl − channels. Hence, previous studies based on NFA inhibition 11, 37 have overestimated the role of Ca 2+ -activated Cl − channels. These channels might contribute only about 40% to receptor currents in vivo.
The ~40% reduction of fluid-phase EOG in Ano2 −/− mice fits well with the ~39% to ~57% reduction of EOG amplitudes in Nkcc1 −/− mice 11, 16 . The Na + K + 2Cl − co-transporter Nkcc1 may accumulate Cl − into OSNs 9-11,13 , a prerequisite for depolarizing Cl − currents. On the basis of the NFA-mediated block of Nkcc1 −/− EOG responses, the authors 11 concluded that a substantial depolarizing Cl − current remained in Nkcc1 −/− OSNs and proposed that other transporters contribute to intracellular Cl − accumulation 11, 16 . The sizeable nonspecific component of NFA inhibition observed here, however, suggests that their results 11, 16 are consistent with Nkcc1 being the main Cl − accumulator of OSNs. In Nkcc1 −/− mice, intraciliary [Cl − ] is then expected to be close to equilibrium, and opening of Ano2 channels should shunt rather than amplify receptor currents. Such a shunting inhibition may explain the larger decrease of EOG amplitudes in Nkcc1 −/− mice compared to Ano2 −/− mice.
How can the roughly 40% reduction of fluid-phase EOG amplitude, and almost no reduction of air-phase EOGs, be reconciled with previous studies that reported a large, up to 80-90% contribution of Cl − to receptor currents? Many of those studies used isolated receptor neurons that were patch-clamped at the cell body 1, [4] [5] [6] [7] [8] 12 . Also, our experiments on isolated OSNs suggest an ~90% contribution of Ano2 to cAMP-induced currents. The disruption of tight junctions during isolation of OSNs may allow ciliary Ano2 channels to spread to the cell body, where their electrical accessibility is much better 10 . The length (20-30 µm) and small diameter (0.1 µm) of cilia imply that channels in their distal part contribute little to voltage changes at the cell body, in particular when ciliary membrane conductance is high during signal transduction 44 .
Another important consequence of ciliary geometry is the rapid dissipation of ion gradients. Taking into account ion concentrations that were measured in the mucus and the dendritic knob (as a surrogate for cilia) 10, 14, 15 , Cl − gradients across the ciliary membrane should dissipate more easily than do those for Na + or Ca 2+ , which carry depolarizing currents through CNG channels. Nkcc1 is thought to rapidly replenish ciliary Cl − , which exits through anion channels during signal transduction 10, 13 . Under physiological conditions, the driving force for Nkcc1-mediated ciliary Cl − uptake is small 10 owing to rather low mucosal [Na + ] (55 mM or 85 mM 14, 15 ) and [Cl − ] (55 mM or 93 mM 14, 15 ; 84 mM (this work)). The driving force for Cl − uptake is larger in extracellular Ringer-type solutions (>140 mM NaCl) that were used with isolated OSNs. Hence, more efficient ciliary Cl − replenishment from Ringer solution than from mucus may lead to larger signal amplification by Cl − channels in isolated OSNs and in fluid-phase EOGs than are observed in air-phase EOGs and olfaction in vivo.
If the 40% reduction in Ano2 −/− fluid-phase EOG amplitude translates into a similar reduction of action potential firing in vivo, our olfactory tests may not be sensitive enough to detect ensuing moderate changes in olfaction thresholds. On the other hand, air-phase EOGs, which more closely reflect the physiological situation, were not substantially impaired by Ano2 disruption, suggesting that the olfactory information that is conveyed to the brain might be nearly unchanged. Notably, there are patients with von Willebrand disease who carry a large genomic deletion 45 that includes ANO2 (TMEM16B). Consistent with the present work, no impairment of olfaction was reported. The expression of Ca 2+ -activated Cl − channels in mammalian OSNs may be an evolutionary vestige from freshwater animals 5, 40 , or it may serve also in mammals to allow consistent olfaction in face of variations of extracellular ion concentrations. Ano2 may also affect the mucosal fluid film in the face of strong odors, although we showed an a r t I C l e S unaltered mucosal Cl − concentration under steady-state conditions. Alternatively, Ano2 might confer a slight increase in olfactory sensitivity that provides an evolutionary advantage. Clearly, however, Ca 2+ -activated Cl − channels are dispensable for near-normal olfaction, and the importance of these channels for olfactory signal amplification has been overestimated.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
